Photovoltaic effect in bent quantum wires 
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We propose a scheme for the generation of photocurrent in bent quantum wires. We calculate the 
current using a generalized Landauer-Biittiker approach that takes into account the electromagnetic 
radiation. For circularly polarized light, we find that the curvature in the bent wire induces an 
asymmetry in the scattering coefficients for left and right moving electrons. This asymmetry results 
in a current at zero bias voltage. The effect is due to the geometry of the wire which transforms the 
photon angular momentum into translational motion for the electrons. 
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Recently many schemes for photocurrent generation 
in confined electron systems have been investigated i"— 
In particular, mechanisms of photocurrent generation by 
circularly polarized radiation have been considered in 
quantum ringsi^iii and helical quantum wires ^ These 
geometries are particularly interesting because they can 
transform angular momentum (from the photon circu- 
lar polarization) to translational motion (electron cur- 
rent)!^ The experimental realization of these schemes 
has not yet been reported. In fact, the detection of the 
photocurrent in isolated quantum rings is experimentally 
challenging and helical quantum wires cannot be fabri- 
cated using standard growth techniques. 

In this paper, we consider the photocurrent induced 
in ballistic quantum wires bent as in Fig. Q Quantum 
wires of this geometry can be easily fabricated using stan- 
dard semiconductor growth techniques, like for instance 
V-grooving.^^ The setup in Fig. ^ can also be realized by 
bending a single carbon nanotube on a surface. Using a 
scattering theory approach we show that the photocur- 
rent can be strong in this geometry. In a GaAs based 
quantum wire under a radiation of 33mW/cm^ we ob- 
tain a current of the order of 10 pA, which is measur- 
able with standard methods. The circularly polarized 
radiation propagating perpendicularly to the wire plane 
induces on the electrons in the curved region a sliding po- 
tential of the form V{s/R^ uot)^ where s is the position 
in the wire, R is the radius of curvature, and hw is the 
radiation energy. This sliding potential is an asymmetric 
scattering potential for left and right moving electrons, 
and the difference in the transmission probabilities re- 
sults in a steady current. The classical interpretation 
of the effect is that only the electrons moving in the 
same direction of the sliding potential are accelerated. 
We found that quantum interference plays an important 
role in the current. In fact, the energy dependence of 
the current shows not only a peak at the Fermi energy, 
expected from a classical picture, but also several ad- 
ditional peaks. These additional peaks are due to the 
quantum interference of transmitted and reflected waves 
at the points where the curvature of the wire changes. 

As shown in Fig. ^ we model the curved quantum wire 
in the (x, y) plane using two straight quantum wires (re- 
gions 1 and 3) connected by an arc of a radius R (region 



2). On the opposite side the straight quantum wires are 
connected to the left (L) and right (R) electron reservoirs. 
The arc length is given by L = if>R^ where if is the arc 
angle. We assume that a circularly polarized electromag- 
netic radiation propagates in the z direction, perpendic- 
ular to (x, y) plane. Experimentally, an electromagnetic 
cavity can be used to confine the radiation only in the 
bent segment of the wire. The electromagnetic cavity 
will also enhance the radiation-electron coupling and in- 
crease the current. In any case, a radiation acting on 
the straight segments of the wire will not generate a cur- 
rent alone, no matter what polarization is used. We will 
therefore neglect the effect of the radiation on the straight 
segments. The electron motion along the curved wire is 
one-dimensional and we define a parameter s which in- 
dicates the position along the wire. For simplicity, let us 
select the point s = at the contact of regions 1 and 
2. The single electron Hamiltonian in the effective-mass 
approximation is given by 
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FIG. 1: (Color online) Curved quantum wire irradiated by 
a circularly polarized electromagnetic wave (BMW) with the 
electric field component precessing in (x, ?/)-plane. 
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where m* is the effective mass, 6{..) is the step function, 
and d = —er is the dipole moment. The electric field in 
the radiation is written diS E = Eq cos{u;t)x^Eo sin(a;t)^, 
where Eq and uj are the electric field amplitude and fre- 
quency, X and y are unit vectors in the x and y direc- 
tions, and ± corresponds to a a± circular polarization. 
The first term in Eq. (^) is the kinetic energy, the second 
term is the dipolar interaction with the radiation and the 
third term is the geometrical potential Ug = / (Sm^R^) 
which describes the effect of the curvature^2i24 The fac- 
tor {0{s) — 0{s — L)) makes the second and third terms 
different than zero only in the bent segment (region 2). 
Moreover, we assume that the curved quantum wire is 
narrow in the transverse directions, so that our model is 
limited only to transitions within the lowest transverse 
subband. 

Using the substitution y = Rcos{s/R) and x = 
Rsm{s/R), we can rewrite the interaction term in Eq. 
CJ as 



-dE = 2eREo sin (^-^ ± cot 
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According to Eq. Q, the electrons in the constant cur- 
vature segment are subjected to a potential that moves 
forward or backward depending on the helicity of the 
circularly polarized light. A similar sliding potential de- 
scribes the interaction of electrons confined by a traveling 
acoustic wave.^^ In our case, the effective wavelength of 
the confined travelling wave is 27rR~^. 

We can write the electric current from the left (L) to 
the right (R) reservoirs using a generalizationiSiiSiSi of the 
Landauer-Biittiker formula^ that takes into account the 
radiation 
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Here e is the electron charge and Tr^l{E + nhw^E) is 
the probability that an electron of energy E in the left 
reservoir is transmitted to the right reservoir in a state of 
energy E + nhw. Since we are going to study the current 
in the absence of external bias, i.e., dit jul = J^r = Eq. 
^ can be rewritten as 



^ J AT{E)f^dE, 
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where 



AT{E) = J2 [TrAE + ntko, E) - Tl,r{E + nhco, E)] . 

n 

(5) 

We first consider the time-dependent Schrodinger 
equation in region 2. Taking into account only single 



photon absorption and emission processes, correspond- 
ing to n = —1,0,1 in Eq. Q, we write the electronic 
wave function in the form 
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In what follows we consider the case of cr_ polarization, as 
shown in Fig. ^ The cr+ case is analogous. Substituting 
(P) into the time-dependent Schrodinger equation and 
neglecting the terms related to multi-photon absorption 
and emission, we obtain 

iE-hLu + Ug)f., + ^fl, = ieEoRe-'*fo, (7) 
(E + Ug)fo + = ieEoR (e-'*/i - e^^/_i) , (8) 

iE + hLo + Ug)h + ^Ji = -ieEoRe'li fo. (9) 

By looking for solutions of the Eqs. (|7I9|) in the form 

/_i = C_le'(^-*)^ /o = Coe^^^ and A = Cle<^+*)^ 
we obtain for the coefficients the system of equations 
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ieEoRCo = 0, (10) 



{E^Ug)Co-^Co^ieEoR{C-i-Ci) = 0, (11) 



{E^hu^ Ug)Cl 



2m* 

ieEoRCo = 0. (12) 



From the condition that the matrix in the linear system 
of Eqs. (|1()I12|) has the determinant equal to zero, we 
obtain the six possible values of k. Therefore, the wave 
function in the second region is given by 
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^ Cn,je<'^+"^>e-^-^. (13) 

j=l n=-l 

where the coefficients C-ij and Cij can be expressed 
through Co J using Eqs. (|Tnj) and (|T2|) . 

In order to find the transmission probability Tl^r, we 
solve a scattering problem selecting the wave functions 
in the 1-st and 3-rd regions as 
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FIG. 2: (Color online) (a) Photocurrent as a function of the 
photon energy calculated for quantum wires having different 
arc lengths and R = 25nm. (b) Photocurrent as a function 
of the arc length at huo = ImeV. These plots have been ob- 
tained using Eq — 500 V/m, /x — ImeV, T — lOmK, and 
m* = 0.067me. The electric field amplitude = 500V/m 
corresponds to 33mW/cm^ radiation power. All the curves 
other than = 7r/4 in Fig. 2 (a) have been vertically shifted 
by steps of 0.3 • 10"^^A. 



where kn = Y^2m* {E + nhw) /^^, Vn and tn are reflec- 
tion and transmission coefficients, respectively. Matching 
the wave functions and their derivatives at the bound- 
aries s = and 5 = L, we obtain 12 linear equations 
for the coefficients r^, tn and Co,j with n = —1,0, 1 and 
j = 1, .., 6. These equations were solved numerically, and 
the total transmission coefficient from the left to the right 
reservoir at the energy E was calculated as 

1 T, 

^ Tr,l{E + nhLO, E) = \to\' + ^\h\' + 
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Using a similar scheme, we obtained the total transmis- 



FIG. 3: (Color online) Photocurrent as a function of the 
photon energy calculated (a) for different radiation inten- 
sities at T = lOmK and (b) for different temperatures at 
Eo = 500V/m. The other parameters values are as in Fig. |21 
with if — Ti and R — 25nm. 



sion coefficient in the opposite direction and calculated 
the current using Eq. 

The results of our calculations are shown in Fig. [2 
and Fig. [31 Typically, the photocurrent is negative, in 
agreement with the picture that the potential sliding to 
the right (for cf- polarization) increases the transmission 
probability for right-moving electrons, which results in a 
negative current because of the negative electron charge 
e. However, it should be noted that the current can be 
positive for small values of hw^ as in the = 37r/2 curve 
in Fig. Elja) (Note that this curve has been shifted verti- 
cally by 1.2 • 10~^^ A). This behavior is due to quantum 
interference phenomena in the reflection and transmis- 
sion of the electrons across the three regions. As illus- 
trated in Fig. El^a), the length of the irradiated region 
has a significant effect on the photocurrent. In quan- 
tum wires with a shorter arc, the current as a function 
of the photon energy is characterized by a single peak at 
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hjo = fjL. By increasing the arc angle Lp additional peaks 
appears and the peak dit hco = ja decreases. We found 
that the position of these additional peaks is determined 
only by the arc length (at a fixed R) and does not depend 
on the radiation intensity. Fig. EJb) demonstrates that 
the current dXhw = fi is stronger in the wires with larger 
R and its maximum shifts to smaller if with increase of 
R. 

The effects of the radiation intensity and finite tem- 
perature on the photocurrent are shown in Fig. [31 In 
Fig. Ofa) we see that the energy dependence of the 
photocurrent scales with the radiation intensity without 
changing considerably in shape. The finite temperature 
(Fig. IStb)) smoothes the peak hw = fi and shifts it 
to lower energy. However, this effect becomes significant 
only at T ~ lOK, implying that very strict temperature 
requirements are not needed in the experiment. 



In summary, we have demonstrated that circularly po- 
larized electromagnetic radiation induces a current in 
curved ballistic quantum wires (photovoltaic effect). The 
current was calculated as a function of the photon energy 
and length of the bent segment. We have investigated the 
temperature and intensity dependence of the photocur- 
rent. We found that for a realistic set of parameters a 
current of the order of lOpA can be observed. In curved 
quantum wires with a short curved segment, the current 
dependence on photon energy shows a single peak at the 
Fermi energy. Larger segments give rise to additional 
peaks due to the wave refiection and transmission at dif- 
ferent region boundaries. 
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